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complexesAbstract Geometric parameters, and intra-ring haptotropic rearrangements p–p (intra-ring-HRs)
N5N3 of the manganesetricarbonyl complexes (N5-9-R-C13H8)Mn(CO)3, R=But and Ph in 18e
zero-valence are carried out using density functional theory DFT at PBE/TZP level. The calculated
activation barriers to N5 N3 intra-ring HR in (N5-9-R-C13H8)Mn(CO)3, R=But and Ph are (28.5
and 69.5 kcal.mol1 respectively). The compute of HOMA and FLU indexes indicates the reduction
of aromaticity when going from free to coordinated complex. The energy decomposition analysis
reveals the dominant ionic character in manganese–Cp bond in the presence of covalent contribu-
tion.
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The ability of organometallic compounds to undergo intra-
molecular rearrangement involving cleavage of some chemical
bonds and formation of others was an exciting discovery made
more than 50 years ago already [1,2]. The interaction between
the transition metal moiety and the aromatic ligand, results in
an important speciﬁc feature of their structures as well as
dynamic properties [3]. Recently, the ability of such complexes
to catalyze many organic reactions [4] and to activate some
positions in ligands, can be used in the synthesis of difﬁcult -
to- access organic derivatives [5].There were several approaches to the classiﬁcation of
different types of rearrangements in organometallic
compounds: sigmatropic rearrangement (rupture/formation
of r-bonds) was studied ﬁrst [6–8] and haptotropic rear-
rangement (rupture and formation of p-bonds). A large
number of haptotropic rearrangements in aromatic ligands
were disclosed and qualitatively studied [9,10] for many
other transition metals including Mo, W, Rh, Pd, Ir, Ni,
Mn, Fe, Zr, Ru, and Os. There are two kinds of haptotropic
rearrangements: intra-ring [11] haptotropic (when the metal
fragment changes its p-coordination to the organic ligand
within the same ring) and inter-ring [9] haptotropic
(involving migration of organometallic group from one of
the aromatic ring to the other). The intra-ring haptotropic
rearrangement IRHR was studied experimentally and
theoretically for various organometallic compounds. First
example of IRHR is occupied by N2-complexes of transition
metal, e.g., Ni [11], Os [12], Rh [13], Re [14], etc complexes
with polyaromatic ligands (e.g., naphthalene, anthracene,
Haptotropic rearrangements of Mn(CO)3 in ﬂuorenyl ligands 199octaﬂuoronaphthalene). They also exhibit N2, N2-intra-ring
HRs [15,16] with low activation barriers (5–10 K cal.mol1).
Yarmolenko et al. proposed a reaction mechanism N5N3
of the ﬂuorenyl ligand in N5-ﬂuorenylmanganesetricarbonyl
complexes (Scheme 1) by cyclic voltammetry in THF and vary-
ing the temperature condition (usually within 90 to 40 C)
[17]. Reactivity of the species and the potentials of peaks on
cyclic voltammograms in N5 N3 IRHR are compared with
different temperatures.
The present study explores the reaction mechanism of
IRHRs in order to understand the interaction of the p-electron
distribution of organometallic fragments with the metal center.
In the ﬁrst step, we studied the geometrical parameters
(distances, angles) on two model complexes using the density
functional theory calculation (DFT), after we examined the
reaction mechanism pathway of the IRHRs; also we have
computed the indices of aromaticity based on the measure of
electronic delocalization in aromatic molecules. Finally, we
analyzed the nature of the bond between Mn(CO)3 fragment
and the ﬂuorenyl ligand using the energy decomposition
analysis.
2. Computational methods
DFT calculation were performed with the Amsterdam
Density Functional ADF program developed by Baerends
et al. [18] on models (N5-9-But-C13H8)Mn(CO)3 and
(N5-9-Ph-C13H8)Mn(CO)3. Electron correlation was treated
within general gradient approximation (GGA), scalar relativis-
tic effects were considered at the level of zero-order regular
approximation (ZORA) [19] with a TZP and the basis set
superposition error (BSSE). The bonding interactions have
been analyzed by means of Morokuma-type energyScheme 1 Reaction mechanism N5N3 of the ﬂuorenyl l
 ( 5-9-But-C13H8)Mn(CO)3 
Figure 1 Optimized geometrical structures of (N5-9decomposition analysis (decomposition of the bonding energy
into the Pauli (exchange repulsion, total steric interaction, and
orbital interaction terms) [20] developed by Ziegler and Rauk
for DFT methods; incorporated in ADF [21].
For these complexes, we compute the indices of aromatic-
ity, the harmonic oscillator model of aromaticity (HOMA)
index [22,23] and the aromatic ﬂuctuation index (FLU) [24].
3. Results and discussion
3.1. Geometrical analysis
Two models of ﬂuorenyl manganesetricarbonyl complexes
(Fig. 1) containing two ligands of different nature R= But
and Ph, the N5-structure corresponds to the 18-electron man-
ganese complexes. Geometries of manganesetricarbonyl com-
plexes are described by the DFT method, optimized
structures and selected geometries of these complexes are given
in Table 1.
Analysis of bond orders indicates that these complexes are
totally symmetric in N5-coordinated molecules, with the
position of the Mn(CO)3 unit slightly shifted (1.865 A˚ for
(N5-9-But-C13H8)Mn(CO)3 complex and 1.864 A˚ for (N5-9-Ph-
C13H8)Mn(CO)3 complex respectively) from the ring in
(N5-9-R-C13H8)Mn(CO)3 center, indicating that Mn(CO)3
group slightly changes the geometry of the ﬂuorenyl ligand
when the substitute is changed. A large value of Mn–C(Cp)
bond (p-interaction) can be seen easily in the two complexes
compared with the experimental value of a simple bond
Mn–C (2.095 A˚) [25]. The C1–CBu
t bond distance is longer by
0.058 A˚ than the C1–CPh bond distance. In (N5-9-But-C13H8)
Mn(CO)3 the angles of bonds do not differ signiﬁcantly from
those in the second complex.igand in N5- ﬂuorenylmanganesetricarbonyl complexes.
( 5-9-Ph-C13H8)Mn(CO)3
-R-C13H8)Mn(CO)3 R‚Bu
t and Ph complexes.
Table 1 Selected DFT optimized distances (A˚) and angles ().
(N5-9-But-C13H8)Mn(CO)3 (N5-9-Ph-C13H8)Mn(CO)3
Bond distances (A˚)
Mn–C1 2.187 2.184
Mn–C2 2.248 2.249
Mn–C3 2.250 (2.095) 2.238 (2.095)
Mn–C4 2.250 2.257
Mn–C5 2.246 2.247
Mn–C6 1.795 1.792
Mn–C7 1.794 (1.782) 1.799 (1.782)
Mn–C8 1.816 1.815
C1–CBu
t 1.536 /
C1–CPh / 1.478
Angles ()
C1–Mn–C2 38 38
C6–Mn–C7 89 89
Mn–C6–O10 179 179
Figure 2 DFT molecular orbital diagrams.
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(HOMO), and lowest unoccupied molecular orbital (LUMO)
is depicted in Table 2. The frontier molecular orbitals of these
complexes are presented in Fig. 2. In the two complexes, the
HOMOs presented a strong character metallic (manganese)
(53% and 71% for the HOMO-1, 41% and 28% for the
HOMO). The HOMO/LUMO gaps are large in the two com-
plexes (2.564 eV and 2.497 eV) and predict the stability of these
complexes, manganese contributed to the reduction with 4
electrons (36% and 35% LUMO) in the two complexes and
with energetics gaps (0.576 eV and 0.540 eV, respectively).
3.2. Mechanism of haptotropic rearrangement
The N5N3 intra-ring haptotropic migration p–p of the
Mn(CO)3 group in the two complexes takes place as good as
possible. Let us begin with the haptotropic rearrangement
occurring in (N5-9-But-C13H8)Mn(CO)3 complex, the opti-
mized geometrical structures of the reactant and the transition
state and the energetic barrier of this haptotropic migration
are depicted in Fig. 3. IRHR energy barrier for the (N5-9-
But-C13H8)Mn(CO)3 complex is 28.5 kcal.mol
1. In this
search, we found a transition state in which manganese is
attached to a three carbon atom in a N3-fashion. The
Mn(CO)3 unit rotates by 2 when going from the reactant to
the transition state (TS).
For the second complex (N5-9-Ph-C13H8)Mn(CO)3, the
IRHR reaction mechanism presents similar characteristics toTable 2 Energies (e, eV) and percentage composition of selected o
(N5-9-But-C13H8)Mn(CO)3
1a 2a 3a 4a
e 5.323 5.190 2.626 1.7
occ 2 2 0 0
Mn 53 41 52 36
C (Cp) 14 18 0 26
C (CO) 7 5 15 11
C (rings) 15 29 29 25
O 11 7 4 2those of the (N5-9-But-C13H8)Mn(CO)3 complex, we found a
transition state in an N3-coordination mode. The calculated
activation barrier in this complex is large by twofold
(69.5 kcal.mol1) then the ﬁrst complex. The average angle
changes by 12 when the metal changes its p-coordination
N5ﬁN3.
3.3. Measures of aromaticity
In the present research we have analyzed the aromaticity
change in ﬂuorenyl ligand when it interacts with the
Mn(CO)3 fragment. The concept of aromaticity is of central
importance for the interpretation of molecular structure, sta-
bility, reactivity and magnetic properties of many compounds
remains still unquestionable [26,27].
Although aromaticity is not a directly observable quantity,
its importance as a central concept in chemistry has not dimin-
ished since the discovery of benzene by Michael Faraday in
1825 [28].
The origin of the aromatic properties is the cyclic delocal-
ized distribution of p-electrons, for this reason recently many
new ways to quantify the aromaticity based on the measure
of electron delocalization in aromatic molecules have been
devised [29].rbitals in the HOMO–LUMO region.
(N5-9-Ph-C13H8)Mn(CO)3
1a 2a 3a 4a
78 5.376 5.211 2.714 1.930
2 2 0 0
71 28 53 35
4 28 0 19
6 3 15 10
6 36 28 35
13 6 4 12
Figure 3 Optimized structures of the reactant and the TS and the energetics barriers of the haptotropic migration in the (N5-9-R-
C13H8)Mn(CO)3 R‚Bu
t and Ph complexes.
Table 3 Aromaticity indices of the rings for (N5-9-But-C13-
H8)Mn(CO)3 complex.
Index (N5-9-But-
C13H8)
(N5-9-But-
C13H8)Mn(CO)3
TS(N5-9-But-
C13H8)Mn(CO)3
A B A B A B
HOMA 0.106 0.86 0.167 0.665 0.132 0.571
FLU 0.944 0.929 0.965 0.978 0.974 1.018
Haptotropic rearrangements of Mn(CO)3 in ﬂuorenyl ligands 201Although the existence of many aromaticity descriptors
complicates matters, it is also true that the use of differently
based aromaticity criteria is recommended for aromaticity
analysis, because of its multidimensional character [30,31].
Structure-based measures of aromaticity rely on the idea
that important manifestations of aromaticity are an equaliza-
tion of bond lengths and symmetry, among the most common
structure-based indices of aromaticity one of the most effective
is the harmonic oscillator model of aromaticity (HOMA) index
deﬁned by Kruszewski and Krygowski as:
HOMA ¼ 1 ða=nÞ
Xn
i¼1
ðRopt  RiÞ2 ð1Þ
when n is the number of bonds considered and a is an empirical
constant ﬁxed to give HOMA= 0 for a model nonaromatic
system and HOMA= 1 for a system with all bonds equal to
an optimum value Ropt, assumed to be achieved for fully aro-
matic systems. Ri stands for a running bond length.
The electron ﬂuctuation index (FLU) is an appealing pro-
posal to calculate aromaticity from electron-density-based
descriptors [24]. The following formula is given for FLU:
FLU¼ð1=nÞ
XRING
AB
½ðVðBÞ=VðAÞÞaððdðA;BÞdrefðA;BÞÞ=drefðA;BÞÞ2
ð2Þ
where the summation runs over all adjacent pairs of atoms
around the ring, n is equal to the number of atoms of the ring,
dref (A, B) = 1.4, and V(A) is the global delocalization of atom
A given by:
VðAÞ ¼
X
B–A
dðA;BÞ ð3Þ
and a= 1, when V(B) > V(A) and a= 1, when
V(B) 6 V(A).For the systems analyzed, the HOMA and FLU indexes
indicate the expected reduction of the aromaticity for both
the coordinated (ring A) and non-coordinated ring (ring B)
when going from the free to coordinated (N5-9-R-
C13H8)Mn(CO)3, R= Bu
t and Ph complexes and to their tran-
sition states. In the ﬁrst complex, HOMA and FLU indicate a
larger reduction of aromaticity in ring B than in A. For the sec-
ond complex, the HOMA of the ring A strongly decreases
from 0.014 in the reactant to 2.032 in the transition state;
HOMA and FLU values can be seen in Tables 3 and 4.
After coordination there is an expansion of the rings corre-
sponding to an average increase of the C–C bond length. For
the two complexes, the elongation in the C–C distances of the
coordinated ring (ring A) and non-coordinated ring (ring B)
increase when going from the free to the coordinated (N5-9-
R-C13H8)Mn(CO)3, R=Bu
t and Ph complexes to the transi-
tion states (Figs. 4 and 5).
Table 4 Aromaticity indices of the rings for (N5-9-Ph-C13H8)-
Mn(CO)3 complex.
Index (N5-9-Ph-
C13H8)
(N5-9-Ph-
C13H8)Mn(CO)3
TS(N5-9-Ph-
C13H8)Mn(CO)3
A B A B A B
HOMA 0.172 0.892 0.014 0.683 2.032 0.865
FLU 0.948 0.922 0.92 0.966 1.13 0.898
( 5-9-But-C13H8)Mn(CO)3                    
Figure 4 Optimized geometrical structures of the reactant and the t
(N5-9-But-C13H8)Mn(CO)3 complex.
( 5-9-Ph-C13H8)Mn(CO)3 
Figure 5 Optimized geometrical structures of the reactant and the TS
in the (N5-9-Ph-C13H8)Mn(CO)3 complex.
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The advantage of this approach is to estimate the interaction
energy EDA between the (N5-9-R-C13H8), R= But, Ph frag-
ments and the Mn(CO)3 moiety. The total bond energy Eint
is the sum of three terms:
Eint ¼ Eorb þ Eelec þ EPauli ¼ EorbþPauli þ Eelec ð4Þ
where Eelec is the electrostatic stabilization energy between the
organic fragments (N5-9-But-C13H8) and (N5-9-Ph-C13H8) and
Mn(CO)3 fragment. The pauli repulsion EPauli comprises the
destabilizing interactions between occupied orbitals, the orbi-
tal interaction Eorb is the interaction energy of the occupied
orbitals on one fragment and unoccupied orbitals on another.
This analysis has been performed on (N5-9-But-
C13H8)Mn(CO)3 and (N5-9-Ph-C13H8) Mn(CO)3 complexes
with an heterolytic process; our results are reported in                                                           
TS 
ransition state involving the haptotropic migration studied on the
TS
found in the haptotropic migration N5N3of the Mn(CO)3 moiety
Table 5 Percentage (%) of electrostatic and orbital contribu-
tions to Mn–C(Cp).
Energy (N5-9-But-C13H8)Mn(CO)3 (N5-9-Ph-C13H8)Mn(CO)3
Eelec 81 80
Eorb+Pauli 19 20
Table 6 Overall reactivity descriptors (eV).
Complexes l N x HOMO LUMO
(N5-9-But-
C13H8)Mn(CO)3
3.908 1.282 5.956 5.190 2.626
(N5-9-Ph-
C13H8)Mn(CO)3
3.962 1.248 6.289 5.211 2.714
Haptotropic rearrangements of Mn(CO)3 in ﬂuorenyl ligands 203Table 5. The densities of these fragments are used to calculate
the electrostatic interaction: this contribution is strong in the
two complexes (81% for (N5-9-But-C13H8)Mn(CO)3 complex
and 80% for (N5-9-Ph-C13H8)Mn(CO)3 complex respectively).
In this analysis, the covalent bond also takes place with 19%
for (N5-9-But-C13H8)Mn(CO)3 complex and 20% for (N5-9-
Ph-C13H8)Mn(CO)3 complex respectively, and occurring
between the lowest unoccupied molecular orbital (LUMO) of
Mn(CO)3 and the highest occupied molecular orbital
(HOMO) of the ﬂuorenyl ligand; the percentage composition
of the MOs and the orbital interaction diagram are displayed
in Fig. 6.
3.5. Acidity strength
Chemical hardness is associated with the stability and reactiv-
ity of a chemical system. On the basis of frontier molecular
orbitals, chemical hardness corresponds to the gap between
the HOMO and LUMO. Chemical hardness was calculated
as [32].
g ¼ 1=2ðeLUMO  eHOMOÞ ð5Þ
where eLUMO and eHOMO are the LUMOa and HOMOa ener-
gies. The electronic chemical potential is deﬁned as the nega-
tive of electronegativity of a molecule [33] and determined
using the equation:
l ¼ 1=2ðeHOMO þ eLUMOÞ ð6Þ
Physically, l describes the escaping tendency of electrons
from an equilibrium system. The greater chemical hardness
and electronic chemical potential in the ﬁrst complex are
explained by the higher HOMO energy (Table 6), Thus theFigure 6 Orbital interaction diagram of the organic systems intera
R‚But and Ph complexes.(N5-9-But-C13H8)Mn(CO)3 complex presents a higher capacity
to donate electrons than the (N5-9-Ph-C13H8)Mn(CO)3
complex.
The global electrophilicity index, a measure of the mole-
cule’s ability to accept electrons, was approximated by [34]
x ¼ ðl2=2gÞ ð7Þ
Electrophilicity index measures the capacity of a species to
accept electrons [33] it is a measure of the stabilization in
energy after a system accepts an additional electronic charge
from another species [35,36].
Results of electrophilicity indicate that the (N5-9-Ph-
C13H8)Mn(CO)3 complex presents a higher capacity to attract
electrons than the (N5-9-But-C13H8)Mn(CO)3 complex.
4. Conclusions
Results obtained in DFT indicate that the C–C bond distances
in the coordinated ring of the two complexes are elongated
inducing a loss of aromaticity. The energy decomposition anal-
ysis displays a strong ionic bonding of manganese–Cp in the
two complexes in the presence of a covalent contribution.
The values of the quantum descriptors are similar in the two
complexes in the presence of a strong Lewis acid in the (N5-
9-Ph-C13H8)Mn(CO)3 complex.
The DFT study of the geometric parameters shows that
the C1–CPh bond distance (1.478 A˚) is shorter than the
C1–CBu
t bond distance (1.536 A˚) and the degree of torsion in
the (N5-9-Ph-C13H8)Mn(CO)3 is very long (12) than in the
(N5-9-But-C13H8)Mn(CO)3 (2). These results can be correlated
to the importance of results obtained in the haptotropic
rearrangements p–p, when the activation barrier of thecting with the Mn(CO)3 group for the (N5-9-R-C13H8)Mn(CO)3,
204 S. Laib, N. Ouddai(N5-9-Ph-C13H8)Mn(CO)3 complex is twofolds larger
(69.5 kcal.mol1) than the (N5-9-But-C13H8)Mn(CO)3 complex
(28.5 kcal.mol1).
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